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Mouse testis differentiationion factors expressed in embryonic and postnatal Sertoli cells of the mouse testis.
Sox9 inactivation prior to the sex determination stage leads to complete XY sex reversal. In contrast, there is
normal embryonic testis development in Sox8 mutants which are initially fertile, but later develop
progressive seminiferous tubule failure and infertility. To determine whether Sox9 is required for testis
development after the initial steps of sex determination, we crossed Sox9ﬂox mice with an AMH-Cre
transgenic line thereby completely deleting Sox9 in Sertoli cells by E14.0. Conditional Sox9 null mutants
show normal embryonic testis development and are initially fertile, but, like Sox8−/− mutants, become sterile
from dysfunctional spermatogenesis at about 5 months. To see whether Sox8 may compensate for the
absence of Sox9 during embryonic testis differentiation, we generated a Sox9 conditional knockout on a Sox8
mutant background. In the double mutants, differentiation of testis cords into seminiferous testis tubules
ceases after P6 in the absence of one Sox8 allele, and after P0 in the absence of both Sox8 alleles, leading to
complete primary infertility. Sox9,Sox8 double nullizygous testes show upregulation of early ovary-speciﬁc
markers and downregulation of Sertoli intercellular junctions at E15.5. Their very low Amh levels still cause
complete regression of the Müllerian duct but with reduced penetrance. This study shows that testis cord
differentiation is independent of Sox9, and that concerted Sox9 and Sox8 function in post E14.0 Sertoli cells is
essential for the maintenance of testicular function.
© 2008 Elsevier Inc. All rights reserved.Introduction
Testis determination in mice, as in all eutherian mammals, is
triggered by the Y-chromosomal gene Sry. The DNA-binding protein
encoded by Sry likely functions as a transcription factor that regulates
a gene or genes essential for the commitment of somatic cells of the
undifferentiated genital ridge to become Sertoli cells. The only SRY
target gene identiﬁed so far is Sox9. In mice, Sox9 is initially expressed
in the genital ridge of both sexes before the sex determination stage,
becoming down-regulated in the female gonad and up-regulated in
the male gonad, concomitant with the peak expression of Sry at
embryonic day (E) 11.5 (Morais da Silva et al., 1996; Kent et al., 1996).
Accordingly, SOX9 has been shown to co-localize with SRY in nuclei of
pre-Sertoli cells at E11.5 (Sekido et al., 2004). Importantly, a testis-
speciﬁc enhancer of Sox9 has now been identiﬁed to which SRY bindsG. Scherer).
l rights reserved.along with steroidogenic factor 1 (SF1), cooperatively upregulating
Sox9 transcription. Subsequently, SOX9 also binds to this enhancer
together with SF1 to ensure maintenance Sox9 transcription after Sry
transcription has been switched off at E12.5 (Sekido and Lovell-Badge,
2008). The essential function of Sox9 in testis development is
highlighted by the fact that heterozygous mutations in human SOX9
(Foster et al., 1994; Wagner et al., 1994) and homozygous inactivation
of Sox9 in the mouse before the sex determination stage (Chaboissier
et al., 2004; Barrionuevo et al., 2006) lead to XY sex reversal, i.e. to the
formation of ovaries in place of testes. Sox9 may possibly be the only
target gene SRY has to activate, as it can fully substitute for Sry as a
testis-determining gene.Wt1:Sox9 transgenic mice (Vidal et al., 2001)
and the insertional mouse mutant Odd Sex (Ods) (Bishop et al., 2000),
which both express Sox9 ectopically in the female embryonic gonad
beginning at E11.5, show complete XX sex reversal, i.e. the formation
of testes instead of ovaries.
The embryonic testis needs to produce two hormones to ensure
development of the genital ducts along the male pathway. Sertoli cells
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the Müllerian duct that will differentiate into the internal genitalia in
females. Leydig cells are the source for testosterone, which promotes
the differentiation of the Wolfﬁan duct into the epididymis, vas
deferens and seminal vesicle. In the postnatal testis, spermatogenesis
initiates around day 10, when Sertoli cells undergo a process known as
maturation which allows the entry of germ cells into the spermato-
genic cycle (Sharpe et al., 2003).
Sox8, like Sox9, is a member of the group E of the Sox transcription
factor gene family. Interestingly, Sox8 is also expressed in the
developing testis, with expression starting at E12.5, shortly after
Sox9 expression is up-regulated (Schepers et al., 2003). Sox8−/− males
show no embryonic and early postnatal phenotype (Sock et al., 2001)
but develop progressive seminiferous tubule failure and infertility at
5 months (O'Bryan et al., 2008). Thus, Sox8 function is completely
dispensable with regard to embryonic testis development.
The continued expression of Sox9 in the developing and mature
testis suggests a role for Sox9 at later stages of testicular develop-
ment. In vitro and in vivo studies have already implicated Sox9 in the
up-regulation of expression of the Amh gene (de Santa Barbara et al.,
1998; Arango et al., 1999). In vivo assessment of additional functions
of Sox9 in the male gonad after the sex determination stage is
impossible (i) in Sox9+/− mice, because these show no testicular
anomalies and die at birth (Bi et al., 2001), (ii) in constitutive Sox9−/−
mice, because they die at the onset of testicular morphogenesis
(Akiyama et al., 2004), and (iii) in conditional mice with ablation of
Sox9 before E11.5 because they show XY sex reversal (Chaboissier
et al., 2004; Barrionuevo et al., 2006). To circumvent these
limitations, we crossed mice carrying a conditional Sox9 allele
(Sox9ﬂox) (Kist et al., 2002) with an AMH-Cre transgenic mouse line,
where the Cre recombinase is expressed in Sertoli cells under the
control of the human AMH promoter region soon after the testis
commitment stage (Lécureuil et al., 2002). An insufﬁcient knockout
of Sox9 before E11.5 showed a strong XY sex reversal phenotype only
on a Sox8 null background, indicating that Sox8 reinforces Sox9
function during testis formation (Chaboissier et al., 2004). To
elucidate whether such a functional redundancy between these two
Sox genes exists when Sox9 is ablated after the sex determination
stage, we generated AMH-Cre;Sox9ﬂox/ﬂox males heterozygously or
homozygously null for Sox8 (Sock et al., 2001).
Materials and methods
Mouse crosses
Sox9ﬂox/ﬂox mice (Kist et al., 2002) were bred to AMH-Cre mice
(Lécureuil et al., 2002) on a C57BL/6 background, and the resulting
AMH-Cre;Sox9ﬂox/+ offspring was backcrossed to Sox9ﬂox/ﬂox mice to
obtain AMH-Cre;Sox9ﬂox/ﬂox embryos. Sox9,Sox8 double mutants were
generated by crossing AMH-Cre;Sox9ﬂox/ﬂox females with Sox8−/−
males (Sock et al., 2001), and resulting AMH-Cre;Sox9ﬂox/+;Sox8+/−
offspring was crossed with Sox9ﬂox/ﬂox;Sox8−/− mice to obtain AMH-
Cre;Sox9ﬂox/ﬂox;Sox8+/− and AMH-Cre;Sox9ﬂox/ﬂox;Sox8−/− mice. Primers
and PCR conditions for genotyping were used as previously described
(Kist et al., 2002; Lécureuil et al., 2002; Sock et al., 2001).
Histological and immunohistochemical analysis
For histology, embryos and dissected gonads were collected in PBS,
ﬁxed in Serra (ethanol:37% formaldehyde:acetic acid, 6:3:1),
embedded in parafﬁn, sectioned to 7 μm, and stained with
hematoxylin and eosin. Immunostaining was performed using the
Peroxidase Vectastain ABC Kit (Vector Laboratories) as previously
described (Barrionuevo et al., 2006). The antibodies against SOX8
(1:1000) and SOX9 (1:200) have been described (Stolt et al., 2003,
2005). The anti-SF1 antibody (1:1000) and the anti-TRA98 antibody(1:25) were kind gifts of Ken-Ichirou Morohashi (Morohashi et al.,
1993) and Hiromitsu Tanaka (Tanaka et al., 1997), respectively. The
following commercial antibodies were used: AMH (catalog no. sc-
6886, dilution 1:100), GATA1 (sc-266, 1:100) and PLZF (sc-28319,
1:50) (all from Santa Cruz, CA); P450SCC (AB1244, 1:100) and NCAM
(AB5032, 1:100) (both from Chemicon); γ-H2AX (05-636, 1:500,
Biomol); Mre11 (100 142, 1:200, Acris Antibodies); and β-catenin
(610154, 1:100), N-cadherin (610920, 1:100) and E-cadherin (610404,
1:100) (all from BD Biosciences). For WT1, two antibodies were used:
one raised against a C-terminal 19 amino acid-peptide (sc-192, 1:100,
Santa Cruz, CA), and one recognizing an epitope found in the N-
terminal 84 amino acids (M3561, clone 6F-H2, 1:150, DAKO).
Immunoﬂuorescence was performed using the Fluorescent Avidin
Kit (A-1100, Vector Laboratories). For γ-H2AX and Mre11, immuno-
ﬂuorescence employed the use of anti-mouse-Cy2 and anti-rabbit-Cy3
antibodies (both Dianova). Stained slides were examined with a Zeiss
Axioskop 40 microscope. Images were captured by a Zeiss CCD
camera. Fluorescent signals were recorded using a Zeiss Axioplan 2
ﬂuorescence microscope equipped with the ISIS imaging system and
appropriate ﬂuorescent ﬁlter sets (MetaSystems). Confocal images
were captured using a Zeiss LSM 510 laser scanning microscope.
Sections of control and mutant gonads were always mounted on the
same slide. At least three pairs of control and mutant gonads were
analysed for each time point.
Stereological analysis
Stereological measurements were performed on an upright Leica
DMRB microscope equipped with a motorized stage for automatic
unbiased sampling, using the Nucleator probe (Gundersen, 1988) of
the Stereo Investigator software (Version 5, MicroBrightField, Inc.,
Williston, USA). Testes sections of 22 week-old mutant and controls
were stained with a P450SCC antibody as described above to visualize
Leydig cells. Three sections from different parts of the testis were then
analysed to measure the total volume of seminiferous tubules and of
Leydig cells as described (Wreford, 1995). Total testis volume was
determined bymultiplying theweight of each ﬁxed testis by testicular
density (Meistrich and Trostle, 1975).
Real-time RT-PCR
Total RNA from E15.5 testes was extracted using the RNeasy Micro
kit (Qiagen) including DNase I treatment. RNA integrity was checked
with the Agilent 2100 Bioanalyzer (Agilent Technologies) and samples
with an RIN above 9.0 were used. Synthesis of cDNA was performed
using oligo dT primers and Superscript III reverse transcriptase
(Invitrogen). PCR was performed using the QuantiTect SYBR green
real-time PCR kit (Qiagen). Each sample was measured in duplicate in
two independent experiments. CT values of samples were normalized
to the corresponding CT values of Gapdh, and relative expression
levels were calculated by the ΔΔCT method (Livak and Schmittgen,
2001). Primer pairs used were:
claudin-11, 5′-GAGCTTCGTGGGTTGGATTG-3′ and 5′-TGTCAACAG-
CAGCAAGATGG-3′;
Dhh, 5′-GCACAGGATTCACTCCACTACGA-3′ and 5′-CCAGTGAGTTAT-
CAGCTTTGACC-3′;
Fgf9, 5′-TGGACTCTACCTCGGCATGAAC-3′ and 5′-CGTTTAGTCCTGG-
TCCCTTCTCT-3′;
Gapdh, 5′-TGCACCACCAACTGCTTAG-3′ and 5′-GATGCAGGGAT-
GATGTTCTG-3′;
Gdnf, 5′-GCGCTGACCAGTGACTCCAA-3′ and 5′-AGCCTGCC-
GATTCCTCTCTC-3′;
occludin, 5′-CAGGGAATATCCACCTATCACTTC-3′ and 5′-TCTGCA-
GATCCCTTAACTTGCTT-3′;
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CATTTCACATT 3′;
Sox8, 5′-TGTACAAAGCTGATGCAGTGCT-3′ and 5′-TAGCT-
CTTGCTTGCTTCCATTG-3′.
Published primer pairs were used for Amh and Sox9 (Barrionuevo
et al., 2006), Connexin43 (Chang et al., 2008), andWnt4 (Chassot et al.,
2008). For Wt1, two primer pairs were used: one described by Klattig
et al. (2007) which ampliﬁes the segment of the mRNA corresponding
to amino acids 170–234, and a newly designed primer pair 5′-
CGACCATCTGAAGACCCACA-3′ and 5′-GCCAGCTGGAGTTTGGTCAT-3′
which ampliﬁes the segment of the mRNA corresponding to the
C-terminal amino acids 396–448 of the 449 amino acids-long WT1
plus-KTS isoform.
Statistical methods
All values are expressed as the mean±s.e.m. Statistical analysis
was performed by the Student's t test, and results were considered
statistically signiﬁcant at a P valueb0.05 (⁎), b0.01 (⁎⁎), and
b0.001 (⁎⁎⁎).
Results
Sertoli cell-speciﬁc ablation of Sox9 in AMH-Cre; Sox9ﬂox/ﬂox mice
To conditionally inactivate Sox9 in Sertoli cells after the sex
determination stage, we crossed mice with a ﬂoxed allele of Sox9
(Sox9ﬂox) to mice carrying the Sertoli cell-expressed AMH-Cre
transgene (Kist et al., 2002; Lécureuil et al., 2002). The efﬁciency
and the onset of recombination of the Sox9ﬂox allele in the resultingFig. 1. Late sterility in Sox9Δ/Δ testes. (A) Sox9 ablation in Sertoli cells of Sox9Δ/Δ testes. Sertol
few express SOX9 at E13.5 (e, arrows) and none at E15.5 in mutant testes (f). (B) Sox9Δ/Δ test
mutant testis at 3months (d), but with a reduced epithelium devoid of sperm at 5months (e)
γ-H2AX (red) and DNA (DAPI, blue) highlights leptotene spermatocytes in a stage IX control t
IX mutant tubules with leptotene spermatocytes (red) and few elongating spermatids in th
bodies (bright-red signals) (c). Fibrotic mutant tubule (greenish autoﬂuorescence) (d). (E) TR
Sox9Δ/Δ testes at 5 months contain tubules that are completely devoid of spermatogenic cell
thirds (a, arrowheads) but absent from the remaining mutant tubules at 5 months (b). (G) P
compared to control. (H) Weight and stereological measurements at 5 months show signiﬁc
seminal vesicle weight (c, d) in mutant. Scale bar, 10 μm (A:a, d; D, F); 20 μm (A:b, c, e, f); 5AMH-Cre;Sox9ﬂox/ﬂox mutant males (subsequently designated Sox9Δ/Δ
mutants) was determined by immunohistochemistry (IHC) for SOX9.
The SOX9 proteinwas detected in Sertoli cells of mutant testes at E12.5
(Fig. 1Aa, d), but only very few cells remained SOX9-positive at E13.5
(Fig. 1Ab, e, arrows), and none at E14.5 (not shown) and E15.5 (Fig.
1Ac,f). This indicates efﬁcient Cre-mediated recombination of the
Sox9ﬂox allele around E13.5 to E14.0, consistent with the spatio-
temporal Cre expression pattern previously described for the AMH-Cre
strain (Lécureuil et al., 2002).
Late sterility in Sox9Δ/Δ testes
Sox9 mutant mice showed normal embryonic and early postnatal
development and were initially fertile, but became sterile at 5–
6 months. Testes weights were similar in control and Sox9mutants for
the ﬁrst 2–3 months of age, but mutant testes progressively lost
weight (Fig. 1B; Fig. S1) which at 5.5 months was reduced from
123.8±8.6 mg in control to 64.0±7.6 mg in the mutant (Fig. 1Ha).
Histologically, control and mutant testes were similar at 3 months
(Fig. 1Ca, d). At 5 months, mutant testis tubules had a reduced
epithelium height and lacked sperm (Fig. 1Cb, e), as did the
epididymides (Fig. 1Cc, f). This phenotype became even more
accentuated with age (not shown). IHC for the phosphorylated form
of histone H2AX (γ-H2AX), a chromatin marker both for spermato-
cytes undergoing leptotene to pachytene stages of the ﬁrst meiotic
prophase (Mahadevaiah et al., 2001) and for spermiogenesis (Meyer-
Ficca et al., 2005), revealed that mutant testes at 3 months completed
meiosis and produced mature sperm normally (not shown), while at
7 months, the spermatogenic epithelium showed a reduced cellular-
ity with a reduced number of spermatids (Fig. 1Da, b). At 1 year,
spermatogenesis had completely ceased. While some tubulesi cells show SOX9 expression by IHC in control testes from E12.5 to E15.5 (a–c) but only
es showed size reduction at 5 months (d) but not at 3 months (b). (C) Normal tubules in
. Mutant epididymis at 5months without mature sperm (f). (D) Immunoﬂuorescence for
ubule. Theweaker red signals at the tubule lumenmark elongating spermatids (a). Stage
e left tubule (b). Tubule of a 1 year old mutant with reduced cellularity and apoptotic
A98 IHC. Control testes at 5 months with ordered spermatogenic cells (dark brown) (a).
s (b, arrowheads). (F) PLZF-positive spermatogonial stem cells are present in about two
450SCC IHC reveals higher number of Leydig cells in mutant testis sections at 5 months
ant changes in testis weight and tubule volume (a, b) but not in Leydig cell volume and
0 μm (C, E, G).
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and developing spermatids (Fig. 1Dc, d). IHC for TRA98, which stains
spermatogonia as well as spermatocytes and spermatids (Tanaka et
al., 1997), showed that in 5 month-old mutant testes, about two thirds
of mutant tubules still contained spermatogonia and early sperma-
tocytes, while the remaining mutant tubules were completely devoid
of them (Fig. 1Ea, b). Correspondingly, about two thirds of mutant
tubules at 5 months contained spermatogonial stem cells (SSCs) as
revealed by IHC for PLZF (Fig. 1Fa), whereas the remaining mutant
tubules lacked SSCs (Fig. 1Fb). IHC for the Leydig cell marker P450SCC
revealed a higher number of Leydig cells in the testicular interstitium
in 5 month-old mutant gonad sections compared to controls (Fig. 1G).
To see which feature accounts for the weight reduction of Sox9
mutant testes, the total volume of testis tubules and of Leydig cells
was measured by stereology in 5.5 month-old gonads. This analysis
revealed that the reduction in weight of Sox9mutant testes (Fig. 1Ha)
was due to reduction in the volume of the seminiferous tubules
(92.4±5.8 mm3 in control versus 51.5±7.1 mm3 in mutant testes)
(Fig. 1Hb). We also observed an increase in the total volume of mutant
Leydig cells from 4.2±0.5 mm3 in control versus 6.0±0.8 mm3 in
mutant testes, albeit at a non-signiﬁcant level (P=0.0873) (Fig. 1Hc).
The fact that seminal vesicle weight (Fig. 1Hd) and morphology were
normal in Sox9 mutant mice also indicates that testosterone levels
were unaffected in Sox9 mutants.
Sox9 and Sox8 act redundantly during testis differentiation
The lack of an early testis phenotype in the conditional Sox9
mutants could be a consequence of compensation by the related
transcription factor Sox8. To rule out a possible cross-regulation
between both Sox genes, we performed IHC for SOX8 in Sox9Δ/Δ and for
SOX9 in Sox8−/− E15.5 mutant testes. No difference between mutants
and controls was apparent in either case (Fig. 2A). Likewise, relative to
XY controls, neither Sox8 transcript level in Sox9Δ/Δ testes (0.78±0.19;Fig. 2. Redundancy of Sox9 and Sox8 during testis development. (A) Immunohistochemistry
for SOX9 staining between control (c) and Sox8−/− (d) testes. (B) Real-time RT-PCR expressio
each genotype were analysed; two sets of measurements (dark and light colouring). (C) Ph
controls at 2 months. Both double mutants have severely reduced testis sizes (a–c). Testis
normal tubular architecture in control testis whereasmutant testes lack tubule development
vas deferens. Scale bar, 100 μm (A); 50 μm (C:d–f); 25 μm (C:g–i).P=0.34) nor Sox9 transcript levels in Sox8−/− testes (1.22±0.02;
P=0.03) showed a signiﬁcant decrease (Fig. 2B).
We then generated double mutants of the genotypes AMH-Cre;
Sox9ﬂox/ﬂox;Sox8+/− (subsequently designated Sox9Δ/Δ;Sox8+/−)
and AMH-Cre;Sox9ﬂox/ﬂox;Sox8−/− (subsequently designated Sox9Δ/Δ;
Sox8−/−). Sox9Δ/Δ;Sox8+/− and Sox9Δ/Δ;Sox8−/− mice were viable and
no abnormalities of the external genitalia were observed. However,
analysis of the reproductive tracts of 2 month-old mice showed a
drastic size reduction of the testes in Sox9Δ/Δ;Sox8+/− mutants which
was even more pronounced in Sox9Δ/Δ;Sox8−/− mutants (Fig. 2Ca–c).
Testes weights of the former mutants were similar to controls until
around P18 but then did not increase any further, while testes
weights of the latter mutants always remained very low (Fig. S1). In
contrast to the fully developed testis tubules visible in 2–3 month-
old control (Fig. 2Cd) and Sox9Δ/Δ gonads (Fig. 1Cd), Sox9Δ/Δ;Sox8+/−
testes at 2 months showed testis cord-like structures with no
lumen and no sperm production (Fig. 2Ce), while age-matched
Sox9Δ/Δ;Sox8−/− testes completely lacked any tubular architecture
(Fig. 2Cf) and were mainly composed of Leydig cells (Fig. 2Ci).
These results reveal that the lower the Sox8 doses on an AMH-Cre;
Sox9ﬂox/ﬂox background, the more severe is the resulting phenotype,
indicating functional redundancy of both Sox genes in testis develop-
ment and maintenance of spermatogenesis.
Sox9 and Sox8 are necessary for testis cord differentiation
To identify the time point at which testis development of the Sox9,
Sox8 double mutants goes awry, we analysed the histology of the
mutant gonads during later embryonic and early postnatal develop-
ment. Sox9Δ/Δ;Sox8+/− and control testes were similar up to P6
(Fig. 3Aa, d). At P12, control testis cords had started to develop into
testis tubules with a lumen and a thickened seminiferous epithelium
(Fig. 3Ab). In P12 mutant testes, clearly differentiated testis cords
could also be observed but with a less organized epithelium thatat E15.5. No difference in SOX8 staining between control (a) and Sox9Δ/Δ (b) testes, and
n analysis for Sox9 and Sox8 in E15.5 control and mutant gonads. Five pairs of gonads of
enotype of reproductive tracts and gonadal histology of Sox9,Sox8 double mutants and
sections stained with hematoxylin/eosin (d–f) and with P450SCC antibody (g–i) show
and showhigh proportion of Leydig cells. Ep, epididymis; sv, seminal vesicle; t, testis; vd,
Fig. 3. Gonadal phenotype of control and Sox9,Sox8 double mutant testes. Hematoxylin/eosin staining of control and Sox9Δ/Δ;Sox8+/− (A) and Sox9Δ/Δ;Sox8−/− testes (B) at different
time points, showing abnormal testis cord development in the mutants. Scale bar, 10 μm (B: c, h); 20 μm (A: a–f; B: a, f); 50 μm (B: d, e, i, j); 100 μm (B: b, g).
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testis cords whereas spermatogenic testis tubules were already visible
in the control (Fig. 3Ac, f).
In contrast to Sox9Δ/Δ;Sox8+/− testes, Sox9Δ/Δ;Sox8−/− testes, while
normal at E15.5 (Fig. 3Ba, f), had a reduced number of testis cords
compared to control at E17.5 (not shown) and P0 (Fig. 3Bb, g), but with
a normal architecture (Fig. 3Bc, h). Mutant testis cords became
irregular in shape and appeared ﬁbrotic at P6 (Fig. 3Bd, i) and P12 (not
shown). At P18, the few remaining mutant testis cords showed an
aberrant architecture (Fig. 3Be, j) ﬁlled with Mre11- and γ-H2AX-
positive germ cells and apoptotic cells (Fig. 7Bi, j).
Sox9 and Sox8 cooperate in the maintenance of Amh expression
Analysis of urogenital tracts at 2 months revealed that of 19
Sox9Δ/Δ;Sox8−/− males, 9 displayed a residual uterus in addition to a
vas deferens, epididymis and vestigial seminal vesicle. The
phenotype varied from an almost imperceptible uterus (Fig. 4Ab,
arrow) to an incomplete uterus in a single case (Fig. 4Ac, d). We
never observed such a phenotype in Sox9Δ/Δ or Sox9Δ/Δ;Sox8+/−
mutants. AMH causes degeneration of the Müllerian ducts in
males, and the Amh gene has been shown to be a downstream
target of SOX9 and SOX8 (de Santa Barbara et al., 1998; Arango
et al., 1999; Schepers et al., 2003). Real-time RT-PCR analysis at
E15.5 revealed that, compared to control testes, Amh transcript
levels were down-regulated to 29±3% in Sox9Δ/Δ testes, to 80±9%
in Sox8−/− testes, and to 6±1% in Sox9Δ/Δ;Sox8−/− testes (Fig. 4B). By
AMH IHC on E15.5 testis sections, this down-regulation was not
very obvious in Sox9Δ/Δ and Sox8−/− testes (not shown), butreduced AMH expression was already clearly visible in Sox9Δ/Δ;
Sox8−/− testes at E14.0 (Fig. 4C).
Expression of markers of early gonadal development in Sox9 and Sox8
single and double mutant testes
We next performed real-time RT-PCR on E15.5 control and
Sox9Δ/Δ, Sox8−/− and Sox9Δ/Δ;Sox8−/− mutant testes for molecular
markers of early gonadal development. Wt1 is required at successive
steps of genital ridge and testis development, and AMH-Cre-
mediated deletion of Wt1 results in disruption of the seminiferous
tubules and in loss of both Sox9 and Sox8 expression (Gao et al.,
2006). FGF9 (ﬁbroblast growth factor 9) is a signalling molecule
necessary for testis development, and inactivation of Fgf9 causes XY
sex reversal (Colvin et al., 2001). We found no differences in
expression levels of either Wt1 or Fgf9 between XY control and the
different Sox mutant testes (Fig. 5Aa, b). DHH (Desert hedgehog), a
signalling molecule secreted by Sertoli cells, is necessary for the
differentiation of peritubular myoid cells and of Leydig cells (Clark et
al., 2000). When compared to XY controls, Dhh transcript levels were
reduced to 50±3% in Sox9Δ/Δ testes, to 88±4% in Sox8−/− testes, and
to 22.5±2% in Sox9Δ/Δ;Sox8−/− testes (Fig. 5Ac). GDNF (glial cell line-
derived neurotrophic factor) is another signalling molecule secreted
by Sertoli cells which regulates the fate and lineage determination of
undifferentiated spermatogonia (Meng et al., 2000). Gdnf transcript
levels in the mutants were reduced to a similar degree as the Dhh
transcript levels, down to 46±3% in Sox9Δ/Δ testes, to 75±7% in
Sox8−/− testes, and to 12.5±1% in Sox9Δ/Δ;Sox8−/− testes (Fig. 5Ad).
Wnt4 and Rspo1 are early ovary-speciﬁc markers involved in the
Fig. 4. Reduced Amh expression in Sox9Δ/Δ;Sox8−/−mutants. (A) Somemutant males presented at 2 months with a vestigial (b, arrow) or a rudimentary uterus (c). Note that images in
a–c are at same magniﬁcation. Section (line in c) through vas deferens and uterus shows typical uterus histology; hematoxylin/eosin-staining (d). (B) Real-time RT-PCR expression
analysis for Amh in E15.5 control and mutant gonads. Five pairs of gonads of each genotype were analysed; two sets of measurements (dark and light colouring). (C) IHC for AMH
shows normal expression in control and Sox9Δ/Δ;Sox8−/− testis cords at E13.0 (a,d), but signiﬁcantly reduced expression in mutant compared to control at E14.0 (b,e) and E15.5 (c,f).
Ep, epididymis; sv, seminal vesicle; t, testis; vd, vas deferens; u, uterus. Scale bar, 200 μm (A: d); 100 μm (C).
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homozygously inactivated (Vainio et al., 1999; Chassot et al., 2008;
Tomizuka et al., 2008). We did not observe a signiﬁcant change in
expression of either gene in the Sox single mutants, but a signiﬁcant
increase in the Sox9,Sox8 double mutant testes relative to XY control
testes (Wnt4: XY controls 32.5±2%, mutants 55±2% (Pb0.0001);
Rspo1: XY controls 17±1%, mutants 31.5±1% (Pb0.0001); XX control
values set at 100%) (Fig. 5Ae, f).
IHC for the Sertoli cell marker SF1 at E15.5 and at P0 in control
and Sox9Δ/Δ;Sox8−/− testes revealed strongly reduced levels of SF1 in
E15.5 mutant compared to control Sertoli cells (Fig. 5Ba, e; arrow-
heads), which contrasts with the unchanged SF1 expression in Leydig
cells of the mutant testes (Fig. 5Ba, e; arrows), but SF1 levels were
similar in control and mutant testes at P0 (Fig. 5Bb, f). Surprisingly, in
light of the unchanged Wt1 mRNA levels (Fig. 5Aa), IHC for WT1
showed an expression pattern very similar to SF1, with reduced
expression at E15.5 in Sertoli cells contrasting with normal expres-
sion in kidney podocytes (Fig. 5Bc, g and inset), and normal
expression at P0 (Fig. 5Bd, h). This pattern was consistently observed
in all six gonads from three mutant embryos analysed. Note that the
reverse primer used for the measurements shown in Fig. 5Aa was
designed to lie within the region encoding the C-terminal epitope
detected by the WT1 antibody (sc-192) used for Fig. 5B. The same
results were obtained using a primer pair which ampliﬁes the
segment of the mRNA corresponding to amino acids 170–234 and a
WT1 antibody directed against an N-terminal segment of the protein
(see Material and Methods) (data not shown).Expression of cell adhesion molecules is altered in Sox9,Sox8 double
mutant testes
Sox9Δ/Δ;Sox8−/− testis cords display an aberrant architecture at
P6, and by two months, Sox9Δ/Δ;Sox8−/− gonads are almost
completely devoid of tubular structures. This mutant phenotype
could be a consequence of disturbances in the deposition and
function of cell adhesion molecules and/or of extracellular matrix
components that provide a structural integrity to testis cords. Sox9
is a well known regulator of extracellular matrix components
during chondrogenesis, and conditional ablation of Sox9 during
heart valve and ear placode development affects extracellular
matrix patterning (Lincoln et al., 2007; Barrionuevo et al., 2008).
We therefore studied the expression of several cell adhesion and
extracellular matrix molecules. In addition to its central role in the
canonical Wnt signalling pathway, β-catenin is also involved in
intercellular cell adhesion. We found no difference by IHC in the
expression of β-catenin between control and Sox9Δ/Δ;Sox8−/− testis
cords at E15.5, E17.5 and P0 (Fig. 6Aa, h; and not shown).
E-cadherin and N-cadherin are Ca2+-dependent adhesion molecules
localized to adherens junctions of epithelial cells. Whereas
E-cadherin expression was similar in control and mutant testis
cords at E15.5, mutant cords showed reduced levels of E-cadherin
expression at P0 (Fig. 6Ab, i and c, j). Likewise, we found reduced
N-cadherin expression in Sox9Δ/Δ;Sox8−/− testis cords at P0 (Fig.
6Ad, k). Neural cell adhesion molecule (NCAM) localizes at cell
interfaces between Sertoli cells and between Sertoli and germ cells
Fig. 5. Expression of markers of early gonadal development in Sox9 and Sox8 single and double mutant testes. (A) Real-time RT-PCR analysis on E15.5 control and mutant gonads
shows expression changes for Dhh, Gdnf,Wnt4 and Rspo1 but not forWt1 and Fgf9 in mutants. Five pairs of gonads of each genotype were analysed; two sets of measurements (dark
and light colouring). (B) Immunohistochemistry reveals reduced expression of SF1 and WT1 in Sox9Δ/Δ;Sox8−/− Sertoli cells at E15.5 (e, g) but not at P0 (f, h). Inset in (c, g) shows
normal WT1 expression in kidney glomeruli in same section. Arrowheads point to Sertoli cells (a–h), arrows to Leydig cells (a, b and e, f). Scale bar, 20 μm.
307F. Barrionuevo et al. / Developmental Biology 327 (2009) 301–312at the newborn stage, and also to peritubular and interstitial tissue
(Li et al., 1998). We detected strong NCAM expression surrounding
the testis cords and a weaker expression within the testis cords inFig. 6. Changes in expression pattern of cell adhesion molecules in Sox9Δ/Δ;Sox8−/− testes. (A)
Sections counterstained with DAPI (blue) to label nuclei. No difference in P0 β-catenin (a,
reduced E- and N-cadherin expression at P0 (c, d, j, k) and changed NCAM expression patte
control and mutant. (B) Real-time RT-PCR analysis reveals reduced expression of cell adhesio
analysed; two sets of measurements (dark and light colouring). Scale bar, 10 μm (A: a–f, h–control embryos at E15.5. In contrast, Sox9Δ/Δ;Sox8−/− mutant
gonads showed a weaker pericordal expression whereas the
expression within the testis cords always appeared stronger (Fig.(a–f and h–m) Confocal laser scanning microscopy for different cell adhesion molecules.
h) and E15.5 E-cadherin expression between mutant and control. Mutant testes show
rn at E15.5 and E17.5 (e, f, l, m). (b, i) Immunohistochemistry for laminin is similar in
n molecules in E15.5 Sox9Δ/Δ;Sox8−/− testes. Five pairs of gonads of each genotype were
m); 20 μm (A:g,n).
308 F. Barrionuevo et al. / Developmental Biology 327 (2009) 301–3126Ae, l). The same difference in expression pattern between mutant
and control testes was also apparent at E17.5 (Fig. 6Af, m) and P0
(not shown). Laminin is a major matrix component of basal lamina.
We found no difference in expression of laminin surrounding the
testis cords in control and mutant gonads during embryonic
development (not shown) and at P0 (Fig. 6Ag, n).
Real-time RT-PCR analysis revealed that expression of three
molecules involved in cell contact formation between Sertoli cellsFig. 7. Early spermatogenic arrest in Sox9,Sox8 double mutants. (A) Immunohistochemistry s
of GATA1 at P12 (d,e). Sox9Δ/Δ;Sox8−/− testis displays weak AMH staining at P6 (c) and GAT
(green), Mre11 (red) and DNA (DAPI, blue). (a–f) P12 testis sections. Awave of γ-H2AX-positiv
control (a) and Sox9Δ/Δ;Sox8+/− (b) testes, while Sox9Δ/ΔSox8−/− testes display reduced numbe
tubule showing the γ-H2AX-positive XY body (green) in pachytene spermatocytes (d) and
yellowish) with DAPI-dark perinuclear chromatin fragments (e). Dying γ-H2AX positive met
P18 testis sections. Control testis displaying synchronous onset of spermatogenesis (g). Sox9Δ
signal) (h). Sox9Δ/Δ;Sox8−/− testis showing aberrant γ-H2AX-positive cells in remaining tubu
γ-H2AX-positive XY body (arrows) and a γ-H2AX-positive apoptotic cell (cross) (j). Diffuse
markers TRA98 and PLZF in control and Sox9Δ/Δ;Sox8−/− mutant testis sections. At P6, muta
similar to control tubules (a, g). TRA98-positive spermatocytes are abundant in P12 and P18 c
pattern in the few remaining tubules at P18 (i). PLZF-positive spermatogonial stem cells (ar
lumen of P6 and P12 mutant tubules (j,k), and absent from P18 mutant tubules except for ver
50 μm (B: a–c and g–i); 5 μm (B: d–f and j).was reduced: to 39±5% for connexin 43, to 52±2% for occludin, and to
45±17% for claudin 11 (Fig. 6B).
Spermatogenesis arrests in Sox9,Sox8 double mutants
At the onset of puberty around P10, Sertoli cells go through a
process known as Sertoli cell maturation, which allows the entry of
germ cells into the ﬁrst spermatogenic cycle. Coincident with thishows similar AMH expression in P6 control and Sox9Δ/Δ;Sox8+/− testis sections (a,b), and
A1 expression in few testis cords only at P12 (f). (B) Immunoﬂuorescence for γ-H2AX
e leptotene/zygotene spermatocytes indicates synchronous onset of spermatogenesis in
rs of leptotene/zygotene spermatocytes (c). Colour-inverted details of a Sox9Δ/Δ;Sox8+/−
of a Sox9Δ/Δ;Sox8−/− tubule showing bright γ-H2AX-positive apoptotic cells (asterisks,
aphase cell (whitish chromosomes) at the periphery of a Sox9Δ/Δ;Sox8−/− tubule (f). (g–j)
/Δ;Sox8+/− testis showing diminished density of leptotene spermatocytes (bright γ-H2AX
les (i). Sox9Δ/Δ;Sox8−/− tubule detail showing pachytene spermatocytes with Mre11- and
red labelling represents background (a–c, g–j). (C) Immunohistochemistry for germ cell
nt tubules contain TRA98-positive prepuberal spermatogonia located at the periphery
ontrol tubules (b, c), are less abundant in P12 mutant tubules (h), and show an aberrant
rows) are always at the periphery of control tubules (d–f), at the periphery and in the
y few tubules where they are mainly located inside the tubule (l). Scale bar, 20 μm (A,C);
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expression is initiated (Sharpe et al., 2003). Sertoli cells in Sox9Δ/Δ;
Sox8+/− testes showed AMH expression similar to control at P6 (Fig.
7Aa,b) and down-regulated AMH expression at P12 (data not shown),
as normally occurs at the onset of spermatogenesis. Correspondingly,
GATA1 was expressed in P12 Sox9Δ/Δ;Sox8+/− testes similar to control
(Fig. 7Ad,e), showing that Sertoli cell development progressed
normally up to this stage. In contrast, Sox9Δ/Δ;Sox8−/− testis cords
displayed a diffuse, aberrant AMH staining at P6 (Fig. 7Ac), and only
few testis cords showed some GATA1 staining (Fig. 7Af), indicating
that Sertoli cell maturation is compromised.
Spermatogenesis was investigated by immunoﬂuorescence for γ-
H2AX and Mre11, both marking prophase I cells from leptotene to
diplotene (Eijpe et al., 2000). Strong γ-H2AX staining in tubuli of P12
Sox9Δ/Δ;Sox8+/− (Fig. 7Bb) and Sox9Δ/Δ;Sox8−/− testes (Fig. 7Bc)
indicated initiation of meiosis I as in control (Fig. 7Ba). However,
Sox9Δ/Δ;Sox8−/− tubules displayed numerous apoptotic interphase and
metaphase cells and reduced cellular density (Fig. 7Bc, e, f). At P18,
Sox9Δ/Δ;Sox8+/− testes, in contrast to control (Fig. 7Bg), displayed only
few tubules with leptotene spermatocytes (Fig. 7Bh), while Sox9Δ/Δ;
Sox8−/− testes contained numerous ﬁbrotic tubules with a few
pachytene and numerous apoptotic cells (Fig. 7Bi, j). Spermatids and
meiotic divisions were absent, suggesting that spermatogenesis
arrests during the pachytene stage of prophase I. These results agree
with immunohistochemistry for the germ cell markers TRA98 and
PLZF on control and Sox9Δ/Δ;Sox8−/− testis sections. At P6, before the
onset of meiosis, both control and mutant tubules contained TRA98-
positive prepuberal spermatogonia located at the tubule periphery
(Fig. 7Ca, g). At P12 and P18, TRA98-positive spermatocytes were
abundant in control tubules (Fig. 7Cb, c). In contrast, their number was
reduced in P12 mutant tubules (Fig. 7Ch), while only very fewmutant
tubules remained at P18 displaying aberrant cytoarchitecture (Fig.
7Cj). PLZF-positive spermatogonial stem cells (SSCs) were always
detectable at the periphery in control tubules at P6, P12 and P18 (Fig.
7Cd–f), whereas they were found both at the periphery and in the
lumen of mutant P6 and P12 tubules (Fig. 7Cj, k). The few mutant
tubules remaining at P18 generally lacked PLZF-positive SSCs, but
occasionally, mislocalized PLZF-positive SSC clusters occurred in the
tubule lumen (Fig. 7Cl).
Discussion
Sox9 is dispensable for embryonic testis differentiation but essential for
maintaining adult fertility
The continued expression of Sox9 in the developing testis after the
sex determination stage suggested a role for Sox9 in testis differentia-
tion beyond its role in testis induction. Histological analysis of Sox9Δ/Δ
embryos revealed normal development of testis cords, proliferation of
Wolfﬁan ducts and regression of Müllerian ducts. Thus, embryonic
testis development and sexual duct differentiation are all normal
when Sox9 is inactivated after the sex determination stage, showing
that Sox9 is dispensable for these processes. This conclusion has also
very recently been reached by analysing E18.5 AMH-Cre;Sox9ﬂox/−
testes (Chang et al., 2008).
Whereas Sox9Δ/Δ mutant males were initially fertile, they became
completely sterile due to loss of spermatogonial stem cells and of
spermatogonia with concomitant abrogation of spermatogenesis
starting around 5–6 months of age. A very similar late sterility
phenotype has been described for XY(Sry−),Ods/+ mice, where SOX9
testicular protein levels are reduced to ∼25% of wildtype levels (Qin
and Bishop, 2005). In these latter mutants, the coelomic artery on the
surface of the testis did not form properly already at E13.5 and still was
not fully resolved at 3 months. Qin and Bishop argue that it is the early
defect in testis vasculature that leads to cessation of spermatogenesis
in XY(Sry−),Ods/+ mice. In contrast, the coelomic artery was normallydeveloped at E13.5 (data not shown) and fully resolved at 3 and
5 months in our Sox9Δ/Δ testes (Fig. 1B). Furthermore, seminal vesicle
weight and morphology, an indicator of circulating testosterone
levels, were normal in our Sox9mutant males. Also, Leydig cells were
functional as shown by nomal P450SCC immunostaining, and their
total volume was in the normal range. All of this indicates that
testosterone levels were unaffected and that the primary cause of the
spermatogenic failure is not due to a repression of steroidogenesis.
Thus, one has to assume that it is the lack of SOX9 in adult Sertoli cells
that over time impairs their functional interaction with germ cells
leading to sterility.
A similar dysregulation of the spermatogenic cycle and infertility
around 5 months as in Sox9Δ/Δ mutants has recently been described
for Sox8 null mice (O'Bryan et al., 2008). It is conceivable that fertility
in Sox9Δ/Δ and Sox8−/− testes until around 3 months is rescued by Sox8
and Sox9, respectively. Conditional inactivation of Sox9 in postnatal
Sertoli cells on a Sox8 null background could be performed to address
this point.
The twofold reduction in Dhh expression in Sox9Δ/Δ males cannot
be a contributing factor to sterility, as Dhh heterozygous males are
fertile (Bitgood et al., 1996) and as Leydig cells function normally in
Sox9Δ/Δ males. In contrast to Dhh, the twofold reduction in Gdnf
expression levels in Sox9Δ/Δ males most likely has a signiﬁcant effect
on their reproductive potential, as heterozygosity of Gdnf leads to
depletion of germ line stem cell reserves (Meng et al., 2000). Why we
observe normal testicular histology up to 3 months and onset of
sterility and signiﬁcant numbers of spermatogonial stem cell- and
spermatogonia-negative tubules only after 5 months, whereas Gdnf+/−
males show testicular degeneration already at 5 weeks (Meng et al.,
2000), deserves further investigation.
The fact that Dhh and Gdnf are both expressed in early embryonic
Sertoli cells (Bitgood et al., 1996; Hellmich et al., 1996)) and show
expression proﬁles in the three Sox mutant genotypes similar to Amh
may indicate that they are also SOX target genes like Amh, be it direct
or indirect. Expression of Pgds, the only other proven SOX9 target gene
in Sertoli cells proposed to act in a positive feedforward loop with it
(Wilhelm et al., 2007), is also signiﬁcantly downregulated in Sox9Δ/Δ
and Sox9Δ/Δ;Sox8−/− testes at E15.5 in a pattern resembling Amh
expression (Francis Poulat, Brigitte Moniot, F.B., I.G., G.S. et al.,
unpublished results).
Testis cord development requires the combined function of Sox9
and Sox8
Analysis of single and compound Sox9 and Sox8 mutant mice
suggested a possible functional redundancy of both Sox genes in the
early XY gonad (Chaboissier et al., 2004). In this study, an inefﬁcient
Sf1-Cre-mediated inactivation of Sox9 at the sex determination stage
produced a strong embryonic sex reversal phenotype with few or no
sex cords at E15.5 only on a Sox8 null background. Such a functional
redundancy is also documented in our study for later stages of testis
differentiation.
We found by real-time RT-PCR that Sox9 was expressed normally
in Sox8−/− testes and that Sox8 was expressed normally in Sox9Δ/Δ
testes at E15.5. This latter observation is different from that described
for Sf1-Cre;Sox9ﬂoxﬂox testes, in which the expression levels of Sox8
appeared directly dependent on the expression levels of Sox9
(Chaboissier et al., 2004). These discrepant ﬁndings can be explained
by assuming (i) that Sox9 is necessary for the initiation of Sox8
expression at the sex determination stage but is not necessary for the
maintenance of Sox8 expression or (ii) that the observed down-
regulation of Sox8 in Sf1-Cre;Sox9ﬂoxﬂox testes is simply a consequence
of a reduction of the number of Sertoli cells.
As indicated by analysing spermatogenesis, the primary infertility
of the Sox9Δ/Δ;Sox8−/− double mutant testes is likely caused by
spermatogenic arrest during the pachytene stage of prophase I. And
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revealed a progressive decrease in the number of spermatogenic cells
including spermatogonial stem cells (SSCs), which were also found
dislocalized inside testis tubules. One factor that may contribute to
this primary infertility is the very low Dhh expression level in the
Sox9Δ/Δ;Sox8−/− mutants, as Dhh null males have been shown to
develop sterility due to spermatogenic failure (Clark et al., 2000).
Another likely contributing factor is the even lower Gdnf expression
level in the Sox9Δ/Δ;Sox8−/− mutants, as GDNF signalling is thought to
control SSC self-renewal during the perinatal period of development
(Dadoune 2007), and as Gdnf+/− males deplete their SSC reserves, as
already mentioned above (Meng et al., 2000). We ﬁnd Gdnf mRNA
levels drastically reduced in the Sox9,Sox8 double mutants not only by
real-time RT-PCR at E15.5 (Fig. 5Ad), but also by expression proﬁling at
P0 and P6 (James Moore, Michael Primig, F.B, I.G, G.S. et al.,
unpublished results). Thus, GDNF levels are low also at the critical
perinatal period.
Sox9 and Sox8 are both necessary for the maintenance of high-level
Amh expression
Müllerian duct regression proceeds in a cranial to caudal direction
during normal male development through the action of AMH, but is
sensitive to AMH action only during a narrow time window from
E13.5–E14.5 (Dyche, 1979; Gao et al., 2006). However, Amh expression
already starts around E11.5, coinciding with Sox9 upregulation in the
testis (Münsterberg and Lovell-Badge, 1991). Amh is an established
SOX9 target gene, as SOX9 has been shown to bind to a SOX binding
site in the Amh promoter and to act synergistically with SF1 through
direct protein–protein interaction to enhance Amh expression in vitro
(de Santa Barbara et al., 1998). SOX8 has been shown to activate Amh
expression in vitro in a similar manner, but at lower levels compared
to SOX9 (Schepers et al., 2003). Consistent with these in vitro data, we
found that Amh transcript levels at E15.5 were more reduced in the
Sox9 than in the Sox8 single mutant, to respectively 29% and 80%,
and were at a low 6% in the Sox9,Sox8 double mutant. As no Müllerian
derivatives were ever observed in Sox9Δ/Δ mice, the levels of AMH
produced were apparently still sufﬁcient to induce complete regres-
sion of the Müllerian duct. In contrast, we found a residual uterus, but
no oviduct, in some Sox9Δ/Δ;Sox8−/− adult males. The partial pene-
trance of this phenotype may be explained by assuming that the low
levels of Amh expression in Sox9Δ/Δ;Sox8−/− testes are at the limit
necessary for Müllerian duct regression, still sufﬁcient for regression
of more cranial structures (oviducts) but not always for more caudal
structures (uterus). Mice homozygously mutant at the SOX binding
site in the Amh promoter showed absence of Amh transcripts at E12.5
and E15.5 and complete retention of Müllerian duct-derived organs at
6 weeks (Arango et al., 1999). Also, complete inactivation before the
sex determination stage of Sox9 alone (Barrionuevo et al., 2006), and
partial inactivation of Sox9 alone or in combination with a Sox8
knockout (Chaboissier et al., 2004), leads to reduction or loss of early
Amh expression. While these earlier studies show that Sox9 and Sox8
are needed for the initiation of Amh expression, the present study
documents that both Sox genes are also required for the maintenance
of full-level Amh expression.
Wt1 ablation using the same AMH-Cre transgenic line used in our
study results in the complete combined loss of SOX9, SOX8 and AMH
expression at E14.5, but not of SF1 expression, and adult Wt1 mutant
males had a uterus in addition to Wolfﬁan duct derivatives (Gao et al.,
2006). In the light of our ﬁndings, the complete loss of AMH
expression observed in the absence ofWt1 cannot solely be attributed
to the loss of Sox9 and Sox8 expression. Rather, WT1 must affect Amh
expression via additional routes, as by its interactionwith SF1which is
a prerequisite for SF1 to efﬁciently activate the Amh promoter, at least
in vitro (Nachtigal et al., 1998), or by directly regulating the Amh
promoter (Hossain and Saunders, 2003). Interestingly, SF1 and WT1protein levels, although normal at P0, were signiﬁcantly reduced at
E15.5 in Sox9Δ/Δ;Sox8−/− testes as shown by IHC. AMH was still
expressed, albeit at a diminished level. Apparently, the low amounts of
WT1 and SF1 still sufﬁced to allow for residual AMH expression in the
mutant testis cords even in the absence of Sox9 and Sox8.
A puzzling observation that seems at odds with the reduced
amount of WT1 protein in Sox9Δ/Δ;Sox8−/− mutant testes at E15.5 is
the normal level of Wt1 transcripts as measured by real-time RT-PCR
at this time point. This conundrum can be resolved by assuming a
block in translation of the Wt1 message in mutant Sertoli cells, a
block that must be released afterwards, as WT1 protein amounts are
back to normal at P0. The same reduction at E15.5 and subsequent
recovery at P0 was also observed for SF1, but here, quantitative
measurements of Sertoli cell RNA levels were not possible due to the
strong Sf1 expression in Leydig cells. Further work is needed to clarify
this issue.
Cell contacts are affected early in Sox9,Sox8 double mutants
The progressive reduction in the number of testis cords and the
early postnatal disruption of testicular cord structure and spermato-
genic arrest we observed in Sox9Δ/Δ;Sox8−/− mutant testes cannot
simply result from programmed cell death or reduced cell prolifera-
tion, as we detected no increased apoptosis or decreased cell
proliferation of Sertoli cells (Fig. S2). Unchanged rates of apoptosis
and cell proliferation in mutant testes have also been observed when
expression of either Sox9 or of both Sox9 and Sox8 was lost as a
consequence of, respectively, β-catenin stabilization or Wt1 ablation
in Sertoli cells (Chang et al., 2008; Gao et al., 2006). We reasoned that
our mutant phenotypemight be a consequence of aberrant expression
of genes and proteins important for the structural integrity of the sex
cords such as extracellular matrix components and molecules
involved in formation of Sertoli–Sertoli or Sertoli–germ cell contacts.
Sertoli cells form three types of intercellular junctions: occludin-based
tight junctions, connexin-based gap junctions, and cadherin-based
adherens junctions (Mruk and Cheng, 2004). Occludin and claudins
are components of multiprotein complexes that form the tight
junctions of mature Sertoli cells that constitute the blood–testis
barrier. This barrier is essential for proper spermatogenesis, as males
nullizygous for occludin or claudin 11 are sterile (Gow et al., 1999;
Saitou et al., 2000). In Sox9,Sox8 double mutant testes, mRNA levels
were reduced by about half for occludin and claudin 11. Of the more
than a dozen connexins found in testicular gap junctions, connexin 43
(CX43) is the best studied and is a component of Sertoli–Sertoli and
Sertoli–germ cell gap junctions (Perez-Armendariz et al., 2001;
Decrouy et al., 2004). Recently, a Sertoli cell-speciﬁc knockout of
Cx43 was shown to prevent the initiation of spermatogenesis (Brehm
et al., 2007; Sridharan et al., 2007). As for occludin and claudin 11, Cx43
transcript levels were down-regulated to about half the wildtype level
in Sox9Δ/Δ;Sox8−/− testes. All these changes were already apparent at
E15.5, prior to histologically detectable abnormalities. It thus seems
possible that the phenotype displayed by Sox9Δ/Δ;Sox8−/− testes
including the primary spermatogenic failure results in part from the
reduced expression of these three junctional molecules.
E- and N-cadherins are found at adherens junctions between
Sertoli cells and Sertoli–germ cells and are expressed in embryonic,
immature and adult testes (Johnson and Boekelheide, 2002; Lee et al.,
2003). Due to the early lethality of E- and N-cadherin null mutants
(Larue et al., 1994; Radice et al., 1997), their role in testis development
is not known. Whereas we observed normal expression at E15.5, we
found reduced expression of both cadherins at P0 in Sox9Δ/Δ;Sox8−/−
testis cords, which display still normal architecture in hematoxylin/
eosin-stained sections. Another cell adhesion molecule expressed on
the surface of Sertoli cells and germ cells is NCAM (Li et al., 1998).
In contrast to N- and E-cadherin, changes in NCAM expression
were already apparent at E15.5 and E17.5, with loss of perichordal
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expression pattern of these three cell adhesion molecules might also
contribute to the subsequent disruption of testis cord structure in the
Sox9Δ/Δ;Sox8−/− testes.
Inactivation of Sox9 and Sox8 after E13.5 affects Sertoli cell speciﬁcation
During the testis determination stage at E11.5, Sox9 up-regulates
Fgf9, which initiates a Sox9/Fgf9 positive feed-forward loop that
antagonizes Wnt4 expression and thus represses the Wnt signalling
cascade that initiates the female pathway (Kim et al., 2006).
Correspondingly, stabilization of β-catenin, the intracellular media-
tor of Wnt signalling, before E11.5 causes XY sex reversal (Maatouk
et al., 2008). Rspo1 like Wnt4 is a secreted molecule involved in
initiating ovarian differentiation through the canonical Wnt signal-
ling pathway (Chassot et al., 2008; Tomizuka et al., 2008). We found
Fgf9 expression levels unchanged at E15.5 when Sox9 was inactivated
alone or together with Sox8 after E13.5. This shows that, other than
what happens at the sex determination stage, Fgf9 expression is no
longer under Sox9 control during subsequent stages of Sertoli cell
development. In contrast to Fgf9 expression, we found overexpres-
sion of both female-speciﬁc markers Wnt4 and Rspo1 in the Sox9,
Sox8 double mutant but not in the single mutant testes, indicating
that both Sox genes actively repress the ovarian pathway even after
E13.5. Expression of these two early ovary-speciﬁc markers suggests
that Sertoli cell identity is already changing early-on in the double
mutants, leading to the subsequent failure in postnatal Sertoli cell
maturation as indicated by the aberrant expression of AMH and
GATA1. Similar to our ﬁndings and in line with the interpretation of
partially dedifferentiated Sertoli cells in our double mutants,
artiﬁcial activation of Wnt signalling through β-catenin stabilization
starting from E13.5 of testis development also resulted in over-
expression of Wnt4 and in unchanged Fgf9 expression, even though
Sox9 expression was lost (Chang et al., 2008). As to be expected from
the drastic intervention of the testicular program in this study, the
resulting phenotype was more severe than in our Sox9,Sox8 double
nullizygous mutants, with disruption of testicular cords and loss of
germ cells occurring already between E15.5 and P0. A similar severe
phenotype, with disorganization of testis structure and few remain-
ing cord-like structures observable already at E15.5, resulted from
AMH-Cre-mediated inactivation of Wt1, where expression of both
SOX9 and SOX8 was lost (Gao et al., 2006). This latter report shows
that Wt1 acts upstream of Sox9 and Sox8, and, in the light of our
results, that the more severe phenotype must be a consequence of
dysregulation of other genes in addition to Sox9 and Sox8. In
accordance with the upstream role of Wt1, we found Wt1 mRNA
expression levels unchanged in the Sox9,Sox8 double mutant testes
at E15.5, but WT1 protein levels were reduced at this time point, to
reach normal levels at P0.
In summary, our study shows that Sox9 fulﬁlls multiple roles
during testis development. In addition to its well-established function
as a testis-determining factor at the sex determination stage, it is
necessary, together with Sox8, for testis cord differentiation during
early testis development, and also plays an essential role in the
maintenance of spermatogenesis in the adult testis.
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